Geckos have extraordinary climbing ability. The multi-scale hierarchical structure of the gecko foot-hairs, especially the high-aspect-ratio structure of its micro-scale seta and nano-scale spatulae is the critical factor of the gecko's ability to adopt and stick to any different surface with powerful adhesion force. In this paper, a series of models such as robust adhesion, easy detachment, rough surface adaption, anti-bunching and anti-fracture, have been proposed by simulating gecko's attachment. Based on these models, we have launched a bottomup methodology for designing the high-aspect-ratio hierarchical structure mimicking gecko's dry adhesive pad. A skillful procedure is also developed here to find out optimum parameters by multi-object optimization, including the hierarchical structural dimensions, the density and pattern of the fibers, and the geometric parameters of the single fiber. The outcome illustrates that the optimal designed parameters of the structure are analogous to those of geckos observed. Especially, the simulated adhesion force of the structure is consistent with the measured value of a single seta, which proves that the optimized structure also has powerful adhesive ability like geckos.
INTRODUCTION
Geckos have extraordinary ability to cling to and walk on trees, walls, ceilings, which has become an attraction for several scientists. The maximum adhesion force of a single seta is up to 194± 25 Nm. This measurement was first carried out by Autumn et al., 1 who convinced that the mechanism of this extraordinary ability was due to Van der Waals' forces between gecko foothairs and the substrate after further study. [1] [2] [3] Scanning electron microscope (SEM) images of the gecko foot-hairs have revealed the nature of its multi-scale hierarchical structure. 1 Each toe of gecko feet has about 15∼20 rows of lamellae, and each lamellae has thousands of setae that are about 30∼130 m long and 4∼10 m in diameter. The tips of setae are further branched out into hundreds of spatulae about 2∼5 m long and 100∼200 nm in diameter.
Recently, the design of hierarchical structure mimicking gecko foot-hairs has become an international research focus. Shah and Sitti introduced a multi-level attachment system with oriented cylindrical cantilever beams and developed the non-matting * Author to whom correspondence should be addressed. model between the fibers. 4 Gao et al. found that it was offensive to adopt the cylinder model with a hemispherical tip in JKR model. 5 They developed a flat-end spatulae model and obtained the critical radius to optimize the adhesion force. In addition, other designs were developed, including the design of the spatulae tip shapes, 6 7 the interaction between the density and orientation of spatula, 8 the effect of surface roughness on adhesion force, 9 the anti-bunching condition of adhesion arrays 10 and the parameters designed for certain material, 11 etc. These studies indicate that the parameters influence on each other and synthetic consideration is necessary. Spolenak et al. 12 introduced the "adhesion design maps" on the basis of the limits mentioned above. Although guiding experimentations are realistic to achieve optimal artificial contacts, yet the maps are limited for qualitative analysis and deserve further theoretical investigations.
This paper suggests an optimal bottom-up design method for a high-aspect-ratio hierarchical structure to meet the limits of robust adhesion, anti-bunching, anti-fracturing, adaption to rough surface, easy detachment and feasibility for fabrication. The acquired parameters include the hierarchical dimension of the structure, the density and pattern of the fibers, and the geometric parameters of single fiber. It is entirely expected that these findings will provide a strong foundation for the study of bio-inspired dry adhesive.
MODELING INSPIRED BY GECKO
FOOT-HAIRS
The Hierarchical Arrangement
Gecko foot-hair includes three levels such as setae, branches and spatulae. Considering the foot-hair to be a spring in contact with rough surfaces, [14] [15] [16] we simulated the relationship between the elastic force and rough surface as shown in Figure 1 . The applied loads F n are the same, with the RMS amplitude of surfaces being different. Besides, the maximum absolute value of elastic force is the adhesion force.
For an extremely smooth surface of = 0 01 m, it is observed that the adhesion forces for one-/two-/and three-level models are almost the same. = 1 m, the adhesion forces are remarkably reduced compared with the surface of = 0 01 m. Furthermore, the two-and three-level models are almost the same and higher than the onelevel model. As increases, the differences between the twoand three-level models reduce rapidly, while the fabrication of three-level is much more complex than two-level. Consequently, we choose the two-level structure as illustrated in Figure 2 .
Robust Adhesion Model
Generally, there are two classes of adhesion failures between elastic objects, as shown in Figure 3 . One is caused by the crack growth started from the edge to the center of the contact area as illustrated in Figure 3 (a). This failure usually happens on rough surface with partial contact when detaching. As the adhesion force cannot reach at the maximum in this case, it is not optimized. According to Griffith criterion, 13 the pull-off force can be calculated as
where W represents the adhesion work, R represents the radius of contact, 
f /E f . The other failure is caused by a uniform stress when it reaches the theoretic adhesion intensity on smooth surface as shown in Figure 3 (b). In this condition, the failure of adhesion is aroused by the simultaneous detachment on the whole contact area, and the pull-off force reaches at the maximum. The theoretical pulloff force can be calculated by
th (2) where th represents the theoretical adhesion strength. Generally, P crack P th . However, when R decreases to the critical size
we find that P crack = P th . Here, the effect of the shape on contact area can be ignored and the elastic force is maximized.
Energy Dissipation Model
From Eq. (3), it's clear that the critical contact radius R max is proportional to the work of adhesion W . Generally, when other energy forms are ignored, W can be calculated by
where f , s , fs denote the energies of fiber surface, substrate surface and fiber-substrate interfaces, respectively. Nevertheless, when the thin fibers contact to the substrate, the strain energy stored in the fiber could not be neglected
where represents the area fraction of the fibril array. As in Eq. (5), the first term represents the Van der Waals' energies and the second term means the stored elastic energies lost during dynamic detaching of fibers. The adhesion work of upper level is influenced directly by the fibrils length L directly. Therefore, the high-aspect-ratio structure is essential for optimizing adhesion work.
Anti-Bunching Model
When adhesion force between adjacent fibers is larger than bending force, the tips of these adjacent fibers will bunch together as shown in Figure 4 (a). Several anti-bunching models have been proposed aiming at this problem. 4 5 10 12 13 In this paper, we adopt the model proposed by Gao et al., 4 5 in which fibers are cylindrical and the configurations of fiber arrays are dissimilar as in The equation for calculating the critical fibril length with antibunching condition in the model shown in Figure 4 (a) is given by
where w represents the fiber space, which is calculated by
where max represents the maximum area fraction, as in Figures 4(b) to 5(d), and it equals to /2 √ 3 , /4 and /3 √ 3 in triangular, square and hexagonal lattice, respectively. From Eqs. (6) and (7), the maximum fiber length L meeting the anti-bunching condition can be calculated as
Adaptability of Rough Surface Model
The concept of the effective elastic modulus is illuminated by two models as in Figure 5 . In Figure 5 (a), the stress effects on the elastic body and the deformation value is u. According to the definition of elastic modulus, E = / = L/u. In Figure 5 (b), the average force of single fibril is f . The vertical stiffness of a single fibril k is calculated by
The stress of arrays is shown as = f /A = ku/A. where A is the nominal contact area of fibers. The effective elastic modulus E eff is
where indicates the area fraction of fibrils which is calculated as = R 2 /A. It can be seen from Eq. (10) that when L increases, then E eff decreases and the structure's adaptability to rough surface enhances. Generally, when E eff = 1 MPa, the fiber array is considered to be flexible enough to make close contact to rough surfaces. Therefore, the minimum fiber length to adapt the rough surface can be calculated as 
Anti-Fracture Model
The contact failure of the adhesion system is caused not only by the adhesion failure discussed above but also by the fiber fracture that occurs when the adhesion strength is larger than the maximum tensile stress.
For one fiber at level n, the maximum tensile stress in Griffith's criterion 13 for crack growth is calculated as
where f represents the fracture energy, a represents the crack radius, and g a/R n denotes a geometrical parameter 13 which is calculated by g a/R n = 1 − 0 5a/R n + 0 148 a/R n 3 / 1 − a/R n . Generally, we take a/R n = 0 5 as the critical condition of fracture. The maximum tensile stress as in Eq. (12) can be further reduced to
The adhesion strength at level n can be calculated by
where n represents the area fraction at level n. The fiber fracture can be avoided when the parameters meet the condition S n < n max .
Easy Detachment Model
The experiments for single seta detachment indicate that easy detachment occurs when the seta angle is about 30 . 1 Yao and Gao 13 simulated the relationship between the pulling angle and pull-off force using finite element method with assumption that the seta angle was 30 . They made the pull-off force varying between 0∼180 and found that the maximum adhesion force occurred while pulling angle was about 30 and decreased sharply while increasing to 40 . The maximum adhesion force was about four times as the minimum. These findings are consistent with experimental results of Autumn et al. and make the easy detachment come true. Hence, we assume the seta angle to be 30 to meet the easy detachment condition.
OPTIMAL DESIGN
We choose several typical input parameters as follows, th = 20 MPa,
The design flow is shown as Figure 6 .
Optimal Design for Level 1
By considering the robust adhesion condition, the maximum radius of fiber can be calculated as R max = 104 nm from Eq. (3). We take the integer number R 1 = 100 nm as the optimal radius for level 1. It happens to be in the range of the observed radius of gecko spatula radius (50∼100 nm).
There exists a maximum length L max for a given area fraction from Eq. (8) by considering the anti-bunching condition. Lateral bunching of neighboring fibers will occur when the fibers are too long. There also exists a minimal length L min from Eq. (11) by considering the adaptability to rough surface condition. Fibers   Fig. 6 . Flow chart for optimal design of the high-aspect-ratio hierarchical structure.
will not be compliant enough to making contact when the fibers are too short. Therefore, the fiber length should meet both Eq. (8) and (11) as following:
According to Eq. (15), the available area fraction 1 can be calculated, which is between 0∼0 6, as shown in Figure 7 .
The area fraction 1 is also determined by maximizing W 2 . According to Eqs. (5) and (8), the function between W 2 and 1 can be determined as in Figure 8 . Obviously, the maximum W 2 appears at point A, where 1 = 0 52, which is consist with the available area fraction condition, and the maximum W 2 = 0 18 J/m 2 . We get the fiber length L 1 = 2 6 m from Eq. (8) which seems to be in the range of the observed value of gecko spatula length (2∼5 m).
We obtain the maximum tensile stress 1 max = 450 MPa from Eq. (13) and adhesion strength S 1 = 20 Mpa from Eq. (14), and find that they meet the anti-fracture condition S 1 < 1 max . Therefore, the optimal designed parameters for level 1 are available.
Optimal Design for Level 2
By considering the robust adhesion condition, the maximum radius of fiber can be calculated as 7.0 m from Eq. (3), while the observation of gecko setae is about 2∼5 m in radius. Inspired by this setae size, we take 2.5 m as the fiber radius of level, i.e., R 2 = 2 5 m.
The critical non-bunching spacing is 2w' between vertical fibers and 2w between oriented fibers, as shown in Figure 9 , and w can be calculated by
From Eqs. (5), (8) and (16) , the function between W 3 and 2 is determined as in Figure 10 . The optimal area fraction 2 can be calculated by maximizing W 3 . As shown in Figure 10 , the maximum W 3 occurs at point A with W 3 = 2 58 J/m 2 , 2 = 0 52. From Eq. (8) the fiber length L 2 is calculated as L 2 = 130 m, which is in the range of the observed length of gecko spatula (30∼130 m) as well.
We obtain the maximum tensile stress 2 max = 89 MPa from Eq. (13) and adhesion strength S 2 = 9 8 Mpa from Eq. (14), and find that they meet the anti-fracture condition S 2 < 2 max . Therefore, the optimal designed parameters for level 2 are proved to be obtainable.
Calculation of Adhesion Force and Density
According to the robust adhesion model, the pull-off stress is uniformly distributed and equal to the theoretical adhesion strength. Therefore, the adhesion force in the nth level can be calculated by
The number of level 1 fibers on each level 2 fiber can be calculated by
The density of level 2 fibers can be calculated by
The observation of spatulae and setae are shown as shown in Table I . The optimum designed parameters for different patterns are shown as in Table II. A comparison is made between the calculated parameters with the observation of geckos. The result shows that the radii and lengths of fibers at both level 1 and level 2 are consistent with the observation of gecko spatulae and setae. The number of level 1 fibers on each level 2 fiber is 325, 281, 218, and the density of level 2 fibers is 26636, 22969 and 17622 per mm 2 for triangular, square and hexagonal patterns, respectively. These are comparable to the observation of 100∼1000 spatulae/seta and 14000 per mm 2 . Furthermore, the calculated adhesion force of a single level 2 fiber is around 137∼204 N, which is similar to the measurement of 194 N, especially for triangular pattern. It shows that triangular pattern has the best adhesion ability.
CONCLUSIONS
In summary, a method is proposed for the optimal design of highaspect-ratio hierarchical structures mimicking gecko foot-hairs by considering models such as robust adhesion, easy detachment, rough surface adaption, anti-bunching, and anti-fracture. The optimum parameters are obtained through multi-object optimization, including the hierarchical dimensions of the structure, the density and pattern of the fibers, and the geometric parameters of the single fiber. By comparing the calculated parameters with the observation of geckos, we proved that the optimized structure has also powerful adhesive ability like geckos.
